Some melanocytic tumors can be histologically ambiguous causing diagnostic difficulty, which could lead to overtreatment of benign lesions with an unwarranted psychological distress or undertreatment of malignant cancers. Previously, we demonstrated that significantly decreased miR-211 expression in melanomas compared with melanocytic nevi could accurately discriminate malignant from benign tumors. Herein we show microRNA in situ hybridization for fluorescent detection of miR-211, suitable for paraffin-embedded tissues in 109 primary melanocytic tumors. miR-211 expression was significantly lower in melanomas vs nevi (Po 0.0001), and receiver operating characteristic curve (area under the curve = 0.862) accurately discriminated melanomas from nevi with 90% sensitivity and 86.2% specificity. Qualitatively, all dysplastic nevi expressed miR-211 at high (86%) and low (14%) levels, independent of the degree of nuclear atypia. All 35 melanocytic tumors with Spitz morphology expressed miR-211 independent of morphological classification, where clinical follow-up of these patients showed no recurrence at the site or metastasis in mean and median of 3 (ranging 2-5) years. Moreover, a decision tree learning analysis selected age and miR-211 miRNA in situ hybridization as the predictive variables for benign or malignant outcome in 88 patients correctly classified 92% (81 out of 88) of cases as proven by receiver operating characteristic curve (area under the curve = 0.9029). These results support miR-211 as a leading miRNA candidate for melanoma diagnosis and miRNA in situ hybridization as a uniquely uncomplicated ancillary test.
Introduction
The incidence and mortality of melanoma have continually increased over the past decades in the United States. It is estimated that 76 250 individuals (44 250 men and 32 000 women) will be diagnosed with and 9180 men and women will die of melanoma of the skin in 2012. 1 Increasing incidence is coupled by diagnostic discrepancies 2 whereby a small but significant number of clinically suspicious pigmented lesions may show ambiguous histopathology making the classification between benign (common nevus) and malignant (melanoma) melanocytic tumors difficult and the clinical behavior unpredictable. 3 Notwithstanding the distinct sets of genetic alterations demonstrated in melanoma by array-based comparative genomic hybridization 4 and by DNA-based fluorescence in situ hybridization, 5 the changes in non-coding RNA (part of the genome that does not encode genes) during melanoma progression and how they could be exploited in diagnostic pathology remain uncharacterized.
microRNAs (miRNAs) are endogenous~22 nucleotide non-coding small RNAs, negative regulators of gene expression, whose levels are significantly changed in a growing number cancers, eg, breast (ductal carcinoma in situ and invasive), colorectal carcinoma, malignant melanoma and papillary thyroid carcinoma. The changes in specific miRNAs have been shown to be associated with cancer diagnosis or outcome, which can be readily detected by quantitative real-time reverse transcriptase PCR (qRT-PCR) in formalin-fixed paraffin-embedded specimens. In fact, it has been shown that specific miRNAs function as tumor suppressors and oncogenes in human malignancies; [6] [7] [8] however, their tissue-specific expression patterns remain understudied by miRNA in situ hybridization in diagnostic material.
Measuring the levels of specific miRNAs by array-based profiling strategies can classify human cancers. 9 Using next-generation sequencing of miRNA transcriptome and validated by qRT-PCR in biopsies of common nevi, thick primary (44.0 mm) and metastatic melanomas, we defined a set of top 40 miRNAs, which correctly classified melanomas from nevi in archived specimens. 10 Among the top miRNAs, miR-211 expression was significantly decreased in melanomas compared with melanocytic nevi, which was confirmed in an independent validation cohort of 101 specimens by qRT-PCR. 10 Moreover, the receiver operating characteristic curves for miR-211 expression accurately discriminated invasive melanoma (area under the receiver operating characteristic curve (AUC) = 0.933), melanoma in situ (AUC = 0.933) and dysplastic (atypical) nevi (AUC = 0.951) from common nevi. 10 Corroborating our findings in clinical specimens, others and we have shown that miR-211 functions as a potent tumor suppressor in vitro influencing gene pathways involved in cell invasion. [11] [12] [13] Notably, miR-211 is located within the non-coding sequence (intron 6) of Melastatin-1 (MLSN-1) gene, 11 which is expressed at high levels in melanocytic nevi but significantly reduced in metastatic human melanomas with variable expression in primary lesions. 14 Loss of MLSN-1 mRNA is predictive of significantly reduced disease-free survival in a study of 150 melanoma patients. 15 These results strongly suggest that miR-211 might be associated with a malignant behavior in melanoma.
As we had previously demonstrated that significantly decreased miR-211 expression could discriminate malignant from benign in 129 histologically unambiguous melanocytic tumors, we investigated whether miRNA in situ hybridization could be applied to aid in the diagnosis of ambiguous lesions. We confirmed that miR-211 expression was decreased in melanomas compared with nevi by fluorescent and chromogenic miRNA in situ hybridization. Moreover, our present data support the diagnostic utility of miR-211 in dysplastic nevi and melanocytic tumors with Spitz morphology.
Materials and methods

Study Population and Clinical Samples
Formalin-fixed paraffin-embedded sections from common melanocytic nevi, dysplastic nevi, primary cutaneous melanomas, Spitz nevi, atypical Spitz tumors and spitzoid melanomas were obtained from the archives of Department of Dermatology at University of Connecticut Health Center between 2009 and 2013 (Table 1 ). In addition, we purchased melanoma tissue microarrays, T385a and T388 from US Biomax (Rockville, MD, USA) consisting of 24 tissue cores in duplicates or triplicates. For the melanomas, 11 cases were full sections and 10 were from tissue microarrays. For each specimen, a hematoxylin-eosin-stained section was used for histopathological evaluation, diagnostic confirmation, pathological staging and imaging. In total, we examined 109 individual lesions for the study (Table 1) .
The inclusion criteria for diagnostic groups were as follows. The common melanocytic nevi were either junctional or combined with proper Diagnostic utility of miR-211 in melanoma maturation of melanocytes (cells become smaller and more spindled) with increasing dermal depth. The primary cutaneous melanomas were predominately superficial spreading or nodular subtypes. The Spitz nevi were characterized by well-defined, symmetric silhouette, melanocyte maturation by increasing dermal depth, epithelioid and spindled cells and lack of any dermal mitoses as determined by several additional deeper sections. Atypical Spitz tumor group was characterized by asymmetric silhouette, focal pagetoid scatter, focal lack of proper maturation or a single dermal mitotic figure. In addition, the cytology showed epithelioid and spindled cells with slight atypia and conspicuous nucleoli. The spitzoid melanoma were predominately invasive (two cases were in situ) exhibiting asymmetric silhouette, pagetoid scatter, lack of proper maturation, epithelioid and spindled cells and/or dermal mitotic figure(s). The cytopathology showed significant atypia with vesicular chromatin and macronucleoli. Lesions with Spitz morphology were additionally reviewed in a consensus conference seen at least by three pathologists and sent to an expert dermatopathologist for a second opinion. For the study, at least two board-certified pathologists/ deramtopathologists confirmed all rendered diagnoses. The institutional review board of the University of Connecticut Health Center approved this protocol.
Fluorescent miRNA In Situ Hybridization
Formalin-fixed paraffin-embedded sections were cut at 5-μm thick, mounted on positively charged slides (Fisher Scientific, Pittsburgh, PA, USA). miRNA in situ hybridization was performed as described 16 with slight modifications. Briefly, tissue sections were baked at 60°C for 20 min and deparaffinized in three exchanges of xylene and rehydrated in an ethanol gradient. Then the slides were treated with 20 μg/ml proteinase K (Ambion, USA) for 10 min at 37°C and fixed in 4% paraformaldehyde (Thermo Scientific, Rockford, IL, USA). Then, slides were rinsed in 0.13 M 1-methylimidazole (Sigma-Aldrich, St Louis, MO, USA) followed by an additional fixation with 0.16 M 1-ethyl-3-(3-dimethylaminopropyl) Diagnostic utility of miR-211 in melanoma S Babapoor et al carbodiimide (EDC, Sigma-Aldrich). Endogenous peroxidases were blocked in 1% hydrogen peroxide (Sigma-Aldrich). Slides were prehybridized at 50°C in hybridization buffer followed by hybridization in 80 nM double Digoxigenin-labeled LNA-modified probe corresponding to mature miR-211 (sequence: 5′-AGGCGAAGGATGACAAAGGGAA-3′), a scrambled probe (sequence: 5′-GTGTAACACGTCTATACGCCC A-3′) and 5′ Digoxigenin-labeled U6 probe (sequence: 5′-CACGAATTTGCGTGTCATCCTT-3′) ( E x i q o n , Copenhagen, Denmark) for 1 h at 50°C. Slides were washed thrice in 2 × SSC, with the first wash at hybridization temperature and subsequent washes at room temperature, blocked in 0.5% Roche blocking reagent (Roche Diagnostics, Indianapolis, IN, USA) and then incubated in 1:100 Anti-Digoxigenin-HRP antibody (Novus Biologicals, CO, USA) for 1 h at room temperature. Slides were then washed twice in 0.1% Tween-20 PBS (PBS-T) and once in PBS, then incubated in 1:50 TSA Cyanine 3 reagent (Perkin Elmer, Norwalk, CT, USA) for 30 min and washed again as above. Nuclei were counterstained with DRAQ5 (Cell Signaling Technology, MA, USA) and then the slides were mounted using Prolong Gold (Invitrogen, CA, USA) mounting medium.
Fluorescent Microscopy and Measurement of Fluorescent Intensity
Images were acquired with a Zeiss LSM ConfoCor3 confocal microscope (Carl Zeiss, Germany) and EVOS FL Auto Cell Imaging System (Advanced Microscopy Group, Life Technologies, NY, USA), under constant exposure time and gain for all specimens, including positive (U6) and negative (scramble miRNA) controls. We captured × 20 images in multiple regions, consisting of 3-5 fields per lesion. Then using multi-position imaging and MetaMorph microscopy automation and image analysis software (Sunnyvale, CA, USA), we measured the signal intensity per × 20 image fields. The results were averaged and reported as miRNA in situ hybridization intensity for each case. The mean, median, minimum, maximum and interquartile range were calculated (Tables 2 and 4 ). The fluorescent expression of miR-211 was examined in the normal skin, which was expressed in the nuclei and cytoplasm of most epidermal keratinocytes. A semiquantitative, four-point ordinal reactivity score was established for dysplastic nevi: '0' reflected the lack of miR-211 and was the most common pattern in invasive and in situ melanomas in o10% of tumor cells. Weakly positive expression was designated as '1' if expression was detected in 10-30%; moderately positive '2' in 31-60% and strongly positive '3' in 461% of tumor cells. Only staining of tumor cells was scored in comparison to adjacent keratinocytes (internal positive control). Two investigators scored the slides independently. Scores for multiple cores from one case were averaged, and final miR-211 scores were categorized into a three-level grouping of Negative, Low (40 and ≤ 1.4) or High (41.5).
Chromogenic miRNA In Situ Hybridization
Two melanocytic nevi and two primary cutaneous melanomas with unambiguous histopathology were selected. Bacillus subtilis dihdrodipicolinate reductase (DapB) gene and let-7a, a highly abundant human miRNA, were used as negative and positive controls, respectively. Custom designed probes for miR-211, DapB and let7a were synthesized. Hybridization was performed using a modified protocol of the ViewRNA in situ hybridization tissue protocol (Affymetrix, Santa Clara, CA, USA). Thirty formalin-fixed paraffin-embedded sections were cut at 5-μm thickness for each case (two additional nevi and melanomas) and mounted on positively charged SurgiPath X-tra slides (Leica Biosystems, Buffalo Grove, IL, USA). Tissue sections were baked at 60°C for 60 min, deparaffinized using xylene followed by ethanol dehydration and air-dried. Slides were rehydrated in 1 × PBS followed by protease digestion (1:150 dilution, Affymetrix) for 30 min at 37°C and fixed in 4% formaldehyde for 5 min at RT. Slides were rinsed in 1 × PBS followed by hybridization with 12.5 nm final concentration of miRNA in situ hybridization probe for 2 h at 40°C. Signal amplification was achieved using the branched DNA technology with a series of sequential hybridization and washes. Briefly, posthybridized slides were hybridized with the preamplifier mix for 25 min at 40°C, followed by amplifier mix for 15 min at 40°C, 1:1000 dilution of Alkaline-Phosphatase (AP)-labeled probe for 15 min at 40°C and AP enhancer for 5 min at RT. The chromogenic reaction was carried out incubating Fast Red Substrate for 30 min at 40°C. Slides were postfixed with 4% formaldehyde for 5 min at RT, counterstained with Gill's Hematoxylin and mounted using Advantage (Innovex Biosciences, Richmond, CA, USA) mounting media. Overall, the measured red dots (miRNA signal) for DapB was hardly detected (1 dot/10 cells) and for let-7a abundantly present (410 dots/cell) in the cases tested.
Statistical Analysis
The statistical analyses were performed using SAS version 9.3. Difference between two diagnostic groups was assessed using two independent sample t-test or non-parametric alternative (Mann-Whitney test). Difference between more than two diagnostic groups was assessed using Kruskal-Wallis Test. A P-value o0.05 was considered statistically significant in analysis. To evaluate how miR-211 expression distinguishes melanoma from nevus, we used different cutoff values of miRNA in situ hybridization intensity to calculate sensitivity and Modern Pathology (2016) 29, 461-475
Diagnostic utility of miR-211 in melanoma specificity and then generated the receiver operator characteristic curve by plotting sensitivity vs (1 − specificity). From the receiver operator characteristic curve, AUC and the distance from ideal were calculated using previously described. 17 The decision tree analysis to discriminate benign vs malignant outcome employed Classification and Regression Tree software (Salford Systems, San Diego, CA, USA). Using 10-fold cross-validation, the predictors included miRNA in situ hybridization intensity, sex, age and location.
Results
Significant Reduction of miR-211 Expression in Melanomas Compared with Common and Dysplastic Nevi
The study encompassed melanocytic tumors with a wide histopathological range from unequivocal common (n = 32) and dysplastic (n = 21) melanocytic nevi and primary cutaneous melanoma (n = 21) to more challenging lesions with Spitz morphology (Table 1) . These cases included Spitz nevi (n = 11), Figure 1 Intradermal nevus nests (arrows) and overlying epidermal keratinocytes diffusely and strongly express miR-211 (cytoplasm, red; and nuclei, blue) detected by fluorescent miRNA in situ hybridization (a). In contrast, the pagetoid, epidermal melanoma cells (circles and arrows) are negative for miR-211 (cytoplasm, black; and nuclei, blue) in a melanoma in situ (b). Measured fluorescent intensity showed a significant decrease in miR-211 expression in primary cutaneous melanomas compared with common nevi (P-valueo0.0001) (c). The fluorescent intensity was expressed in boxplots: box starts from first quartile and ends at third quartile; cross represents mean; line represents median; the ends of whiskers represent the minimum and maximum of the data that are not outliers; and black dots are outliers. Receiver operating characteristic curve showed an accurate discrimination between diagnostic primary cutaneous melanoma and common nevi groups atypical Spitz tumors (n = 17) and spitzoid melanomas (n = 7). To examine the diagnostic utility of miR-211 in a total of 109 cases, we optimized an established methodology 16 for miRNA in situ hybridization in paraffin-embedded specimen. The fluorescent intensity of miR-211 expression was measured for all lesions (Table 2) , except for dysplastic nevi (Table 3) . Given the small size of dysplastic nevi, mostly consisting of small, shave biopsies, miR-211 expression was scored in a semiquantitative manner, as fluorescent intensity could not be reproducibly measured with confidence using 3-5 overlapping fields.
The expression of miR-211 was consistently high and readily detected by fluorescent microscopy in all common and dysplastic nevi (Tables 1 and 2 ). miR-211 was diffusely and strongly expressed in the dermal nevus nests and the overlying epidermal keratinocytes; the signal was detected in the nuclei and cytoplasm (Figure 1a) . In contrast, miR-211 was absent to dramatically decreased in 19 of the 21 melanomas (90%) except for 2 cases that showed focal but modest expression of miR-211. miR-211 was consistently reduced to absent from the epidermal melanoma cells compared with the neighboring keratinocytes (Figure 1b) . Combined immunofluorescent for MART-1 and miRNA in situ hybridization for miR-211 co-localized expression to intradermal nevus cells (results not shown). Although there was a range for miRNA in situ hybridization intensity, the mean and median values were significantly lower for melanomas compared with nevi, using two different statistical methods, showing consistent results (P o 0.0001, Figure 1c ). Receiver operating characteristic curve for miR-211 based on miRNA in situ hybridization intensity accurately discriminated melanomas from nevi (AUC = 0.853, Figure 1d ). Based on the receiver operating characteristic curve, the minimum distance from ideal of 0.17 was calculated, with sensitivity of 90%, specificity of 86.2% and a false-positive rate of 0.138.
To ensure the specificity of miR-211 signal, we used a scrambled miRNA (miRNA with non-specific sequence) as negative control, which showed no background or non-specific hybridization (Figures 2a  and b, insets) . In contrast, diffusely strong and specific signal for miR-211 was detected in the nuclei and cytoplasm of intradermal nevus cells and overlying keratinocytes (Figure 2a ). This signal was lost in the intraepidermal pagetoid melanoma cells, compared with the adjacent keratinocytes, and in the dermal melanoma cells compared with the adjacent intradermal nevus cells (Figure 2b) . To ensure the integrity of small RNAs (including miRNAs) in archived paraffin material, we used U6 (a non-coding small nuclear RNA) as positive control (results not shown), virtually all the nuclei of epidermal keratinocytes and nevus cells highly expressed U6, indicating that small RNAs are intact in archived specimen. We observed a similar pattern of U6 expression in melanoma specimens (results not shown).
Similar to common nevi, the great majority of dysplastic lesions (18 of 21, 86%) expressed miR-211 at high levels; the remainder (3 of 21, 14%) expressed it at lower but detectable levels ( Table 3) . miR-211 expression was robust and diffuse in both the epidermal and dermal components of dysplastic nevi regardless of the degree of cytological atypia (Figures 2e and f) . To demonstrate the reproducibility of miR-211 miRNA in situ hybridization, additional nevi were qualitatively compared with melanomas ( Figure 3 ). Low-power examination showed a diffusely strong expression of miR-211 in the nuclei and cytoplasm of nevus cells (Figure 3a) , absent from blood vessels (results not shown). A variable but detectable expression of miR-211 was demonstrated in the keratinocytes of epidermis and follicular epithelium (results not shown). In contrast, miR-211 expression was markedly reduced to absent in melanoma cells. In fact, the intraepidermal cells typically exhibited complete loss of miR-211 expression and left a negative imprint compared with the adjacent keratinocytes. However, in some cases the intradermal melanoma cells still expressed miR-211 (Figure 3b ). Examining the relationship between miRNA in situ hybridization intensity and melanoma clinicopathological and American Joint Committee on Cancer parameters, such as Breslow's thickness, ulceration or mitotic index, revealed no significant association (Table 4) . In addition, miRNA in situ hybridization intensity did not correlate with gender, age or solar elastosis, indicating that miRNA in situ hybridization could be used in a wide array of melanocytic tumors.
Chromogenic miRNA In Situ Hybridization Distinguished Invasive Melanoma from Intradermal Nevus Cells in the Same Section
We used fluorescent miR-211 miRNA in situ hybridization for its sensitivity in detection and quantification for all 109 tumors. After demonstrating the Diagnostic utility of miR-211 in melanoma feasibility of miR-211 detection by fluorescent miRNA in situ hybridization, we sought to establish a chromogenic probe so that it could be readily and conveniently detected by light microscopy. Using the well-established branched DNA probe chemistry, we detected diffuse expression of miR-211 in intradermal nevus nests (Figures 4a and b) . In a case of melanoma associated with common intradermal nevus, miR-211 was robustly expressed in the banalappearing nevus nests (Figures 4c and d) . However, Figure 4 Chromogenic miRNA in situ hybridization using branched DNA probe also confirmed diffuse miR-211 expression in the nevus nests (red cytoplasmic grains) (a and b). Similarly, the nevic component (c and d) in an invasive melanoma strongly expressed miR-211. In contrast, miR-211 expression was entirely lost in the melanoma area (e and f) of the same lesion. Original magnifications: (a, c) and (e), × 100; and (b), (d) and (f), × 600.
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Diagnostic utility of miR-211 in melanoma S Babapoor et al a separate section on the same slide showed histologically unambiguous melanoma where miR-211 signal is nearly completely lost (Figures 4e  and f) . For positive control, we used let-7a, a most abundantly expressed miRNA, which was diffusely expressed in the nevus cells, epidermal and follicular keratinocytes (results not shown). In contrast, in melanoma cells the expression of let-7a albeit being decreased, it was still detected by light microscopy. For negative control, we used a probe sequence to DapB gene, which was nearly absent from all the cases tested (results not shown). Clinically, the Spitz nevus group was characterized by young age (mean age of 5.7 years) well defined and orange-to-pink papule or macule. The mean age of the patients diagnosed with atypical Spitz tumor and spitzoid melanoma was significantly higher than that of Spitz nevus (22.6 and 32.9 vs 5.7 years, respectively; Table 1 ). The median for miR-211 miRNA in situ hybridization intensity was near or above the melanoma threshold (47.5) in all 35 tumors with Spitz morphology (Table 2) . Representative sections of Spitz nevus, atypical Spitz tumor and spitzoid melanoma showed diffuse expression of miR-211 ( Figure 5 ). For example, a 2.5-mm melanoma (T3a) diagnosed on the right calf of a 2-year-old girl (case no. 30) diffusely expressed miR-211 (Figures 5e and f) . She has had no recurrence or metastasis as determined by a negative PET scan after 4 years. Moreover, a 37-year-old man (case no. 32) diagnosed with spitzoid melanoma expressing miR-211 in the melanoma situ (Tis) with dermal nevus on the right ear has had no recurrence or metastasis after 2 years. A Kruskal-Wallis test for miR-211 expression confirmed no statistical difference between any of the diagnostic groups (n = 35, Figure 5g ). All atypical Spitz and spitzoid melanoma lesions were completely excised, and patients were followed for local recurrence by repigmentation in or near the scar, lymphadenopathy by palpation and PET scan as clinically indicated. The miR-211 expression results and follow-up results for each individual case are reported (Table 5 ). All 35 patients were followed up from 2 to 5 years with mean of 2.5, 3.4 and 3.0 years for Spitz nevus, atypical Spitz and SM lesions, respectively (Table 6) ; none of the lesions has recurred or metastasized to date. Moreover, miRNA in situ hybridization intensity did not correlate with gender, age, solar elastosis, Breslow's thickness, ulceration or mitotic index, regression or tumor-infiltrating lymphocytes response (results not shown).
miR-211 as Potential Marker of Clinical Behavior in Melanocytic Tumor
We applied classification and regression tree analysis as a predictive model to investigate which predictors could best classify the melanocytic tumors in our study. We used all lesions with available outcome results (n = 88); dysplastic nevi (n = 21) were excluded because of their semiquantitative miR-211 expression results. To obtain the best predictive model, a number of predictors such as sex, age, anatomic location, American Joint Committee on Cancer stage and miR-211 miRNA in situ hybridization intensity were explored. The classification and regression tree software selected age (younger vs 448.5 years) and miRNA in situ hybridization (≤48.8, malignant; and 448.8, benign) intensity as the predictor variables for malignancy ( Figure 6 ). The threshold for miRNA in situ hybridization intensity (≤48.8, malignant; and 448.8, benign) is determined from classification and regression tree modeling analysis. This analysis accurately classified the great majority (96.5%) of the patients aged o 48.5 years as benign while 3.5% as malignant in node 1. The remainder of 31 patients aged 448.5 years could be accurately classified by miRNA in situ hybridization intensity threshold of 48.8 as benign or malignant in node 2. In node 3, only two lesions with high miRNA in situ hybridization intensity of 74.9 were misclassified as malignant. Overall, the receiver operating characteristic curve accurately discriminated between benign and malignant outcomes (AUC = 0.9029).
Discussion miRNAs are highly stable in paraffin-embedded tissues up to 10 years, 18 and their expression levels can be reliably measured by qRT-PCR or sequencing. Therefore, the capability to qualitatively detect miRNA expression by light microscopy could have a significant impact in diagnostic pathology where Diagnostic utility of miR-211 in melanoma cell from basal cell carcinoma. 19 Moreover, miRNA in situ hybridization can provide prognostic information using a single unstained section, eg, low levels of miR-205 expression showed a significantly shorter melanoma-specific survival. 16 Our results showed that miR-211 miRNA in situ hybridization, independent of histology, could reliably classify melanoma from nevus groups in 90% (19 of 21) of lesions with the exception of two cases, where modest levels of miR-211 was detected. In addition, applying classification and regression tree analysis with patient's age at diagnosis and miRNA in situ hybridization intensity as parameters 97% of cases were correctly classified. Although these two cases would have been underdiagnosed, the histopathology was characteristic of melanoma. There is clearly a range of measured miR-211 expression, and some overlap between the lower end of nevus and higher end of melanoma groups. In Table 6 Diagnostic utility of miR-211 in melanoma S Babapoor et al such cases, we noted that measured fluorescence was a combination of partial, residual expression of miR-211 by melanoma cells and high expression by the adjacent keratinocytes, likely giving a falsely high readout. This situation will be avoided by using chromogenic miRNA in situ hybridization where the expression of miR-211is nevus specific, ie, not detected in the epidermal or follicular keratinocytes. Finally, we do not recommend the use of miR-211 miRNA in situ hybridization alone without a complete, thorough histological examination because miRNA in situ hybridization is an ancillary test. If the histopathology is dysplastic, spitzoid or ambiguous, then a miR-211 chromogenic miRNA in situ hybridization could be helpful in devising a more personalized treatment and clinical follow-up strategy for the patient. miRNA in situ hybridization intensity in lesions with Spitz morphology retained miR-211 expression independent of morphological classification even in spitzoid melanomas, where clinical follow-up of all 35 patients showed no recurrence at the site or metastasis in mean and median of 3 (ranging 2-5) years. There are two possible explanations for retained miR-211 expression in such cases: (1) lesions with Spitz morphology were overdiagnosed because of cytological atypia and/or (2) the follow-up of the spitzoid melanomas was not long enough. The current, published literature supports the fact that many patients with spitzoid melanocytic tumor have a favorable clinical outcome. Based on this, miRNA in situ hybridization could significantly relieve the stress of unambiguity of atypical Spitz tumors, where a simple excision with 5-mm clear peripheral margins would be curative. It is possible that our follow-up of 3 years (ranging from 2 to 4 years) may not be long enough in a 2-or a 10-year-old child (cases SM29 and SM30); however, a 3-year follow-up is more than adequate for older individuals ranging from 23 to 72 (cases SM 31-35). Interestingly, miR-211 expression did not correlate with any of the American Joint Committee on Cancer prognostic parameters (especially tumor thickness, ulceration or mitotic index) or tumoral melanosis, suggesting that miR-211 miRNA in situ hybridization could have a broader diagnostic utility in melanocytic pathology regardless of the tumor stage or melanin content.
Using a chromogenic probe with branched DNA can significantly improve specificity because of the proven, powerful design of the nucleic acid chemistry. 20 Chromogenic miRNA in situ hybridization provides additional advantages: (1) melanoma can be distinguished from nevus cells on the same tumor section; (2) miR-211 expression was specific to the nevus cells; (3) the results are readily interpreted by the pathologist using light microscopy; and (4) miRNA in situ hybridization is less expensive than DNA-based fluorescent in situ hybridization or comparative genomic hybridization and widely available to pathology laboratories. Overall, the current results combined with sequencing and qRT-PCR support miR-211 as a leading miRNA candidate for melanoma diagnosis and miRNA in situ hybridization as a uniquely uncomplicated ancillary test.
